We explore the possibility that Fast Radio Bursts are due to the annihilation of cusps on cosmic string loops. We compute the energy released in the annihilation events in the radio region, the expected event rate, and the time scale of the bursts. We find that the energy and event rates are sufficiently high and the time scale is sufficiently small to explain the current data. We predict how the event rate will change as the resolution of telescopes improves. Since the burst rate depends on the string tension, future data will allow the determination of the tension.
I. INTRODUCTION
In this Letter we explore the hypothesis that the observed Fast Radio Bursts (FRBs) could be due to the partial annihilation of cusps on cosmic string loops. Fast Radio Bursts are bursts of electromagnetic radiation which have recently been observed in large radio telescopes [1] . They are characterized by a large energy flux (of the order one Jy) over a very short time scale (of the order of several ms) and have been confirmed [2] as coming from cosmological distances. Here we show that the partial annihilation of a cusp on a cosmic string loop leads to a sufficiently large energy flux in radio wavelength over a sufficiently short time interval to be able to explain the FRB observations. We compute the expected rate of FRB expected as a function of observation threshold assuming that they are due to cosmic strings. We find a rate which is sufficiently high to explain observations even if cusps only partially annihilate.
Cosmic strings [3] [4] [5] are linear topological defect which exist as stable solutions of the equations of motion in many particle physics models beyond the Standard Model. If Nature is described by a model admitting string solutions, then a network of strings inevitably forms in the early universe and persists to the present time [6] . Strings are lines of trapped energy and their gravitational effects lead to signatures in cosmological observations.
It can be shown that the network of cosmic strings approaches a scaling solution in which the statistical properties of the string network are independent of time t if all lengths are scaled to t. The string scaling solution has two components: a random walk network of infinite strings with curvature radius of the same order of magnitude as t, and a distribution of loops with number density distribution n(R, t), where R is the loop radius, and n(R, t) is the number per unit area per unit radius.
The distribution of strings (at least non-superconducting ones) is described by a single free parameter, the string tension µ, usually expressed in terms of the dimensionless quantity Gµ, G being Newton's gravitational constant (we are working in natural units in which the speed of light and Planck's constant are set to 1). The strength of the cosmic string signals are proportional to µ = η 2 , where η is the energy scale of the particle physics model which gives the strings. Hence, searching for cosmological signatures of strings is a way to probe particle physics beyond the Standard Model from "top down", as opposed to accelerator searches which are more sensitive to lower values of η [7] . The current bound on the cosmic string tension from observations is [8, 9] Gµ < 10
(see also [10] ) which comes from precision measurements of the angular power spectrum of the cosmic microwave background (CMB). A tighter limit of [11] Gµ < 3 × 10
can be set from pulsar timing observations. They come from the amplitude of the spectrum of gravitational waves emitted by oscillating string loops. But since the loop distribution is less well established, this bound is less robust. The long cosmic string segments yield interesting nonGaussian signals in cosmological observables such as CMB temperature maps [12, 13] , CMB polarization maps [14] and 21cm redshift surveys [15, 16] . Cosmic string loops were initially postulated to be the primary seeds of galaxies [17] . This would require a string tension of the order of Gµ ∼ 10 −6 . Such a large value of Gµ is in conflict with CMB observations. Strings with a value of Gµ smaller than the bound given in (1) cannot be the dominant mechanism of structure formation. However, since cosmic strings form nonlinearities at arbitrarily large redshifts, they may play an interesting role in structure formation. String loops may yield the seeds for high redshift super-massive black holes [18] or for globular clusters [19] .
Cusps are a general feature of cosmic string loops. A cusp is a region where the string doubles back on itself. In the approximation where the string is described by a zero thickness line and hence described by the NambuGoto action, it can be shown [20] that any string loop develops at least one cusp per oscillation time. However, strings which arise in gauge field theories have a finite width (the width is the region within which the trapped potential energy is confined). The string is a non-trivial configuration of gauge and scalar fields (the gauge and scalar fields of the theory which yields the strings). A single string is topologically stable. It is characterized by the fields winding the location of the center of the string in a particular direction. An antistring is a field configuration with the same energy profile, but with opposite winding. Locally, a cusp looks like a string-antistring pair and hence is completely unstable against decay into a burst of particles [21] . The decay products will be scalar and gauge particles which decay into a jet of photons, neutrinos, and other stable particles in a manner similar to how unstable particles decay and produce jets in particle accelerators. In the Nambu-Goto approximation the string velocity in the center of mass frame of the string loop equals the speed of light. Hence, the primary cusp decay particles will be highly beamed, and the secondary decay products will also be beamed into an angle Θ. The cusp length l c can be defined as the length of the string where the two strands of the string about the midpoint of the cusp have a separation closer than the string width w (which is of the order λ −1/2 η −1 (where λ is a dimensionless coupling constant). Possibly surprisingly, the cusp length for a loop of radius R is
which is many orders of magnitude larger than the string width for string loops present at late times. The fact that the cusp region is so long is responsible for the fact that cusps may have important observational signatures 1 . Cusp decay has been considered a long time ago as a possible source of ultra-high energy cosmic rays [22] , ultra-high energy neutrinos [23] and gamma ray bursts [24] . Cusp annihilation produces photons with a continuous range of frequencies. In particular, photons in the radio range will be produced. Hence, a cusp annihilation event will generate a burst in radio wavelengths. Here we study whether the energy flux and event rate of the cusp-induced bursts is sufficiently high to explain the data, and whether the burst duration is sufficiently short. We find that these conditions are all satisfied, and that hence string loop cusp annihilation provides a possible explanation for the observed fast radio bursts.
II. ANALYSIS
A cosmic string cusp will decay into a jet whose primary particles are quanta of the scalar and gauge fields which form the string. These, in turn, decay into neutrinos, photons, and other stable particles. The spectrum of decay particles is the same as seen in the decay of unstable particles at accelerators. If Q f is the energy of the primary decay particles, then the number N (E) of photons received per unit area per unit energy at a distance d from the cusp is [23] 
for E ≪ Q f . It is reasonable to assume that the energy of the primary particles is Q f ∼ η. The beaming angle Θ is given by
The energy flux S of the observed FRBs is of the order 1Jy, which in natural units is
In order to explore the predicted detection rate for future telescopes which will have improved sensitivity we will multiply this flux by a factor f . The first question we ask is to what distance d(R) cusps on loops of radius R will lead to sufficient flux to be above the detection limit (6) . Starting from the number density distribution (4), multiplying by the energy per photon E, integrating from E = 0 to R, inserting Q f = η and the expression (3) for the cusp length, we obtain the following expression for the energy flux S(E)
The energy E which the radio telescopes are most sensitive to is of the order 1GHz ∼ 10 −15 GeV. Making use of
where t 0 is the present time and m pl is the Planck mass, the condition
The distance d(R) must be compared to the mean separation d R of string loops of radius R (which is the expected distance of such a loop from us). This distance is given by
where n(R, t) is the number density of string loops of radius R (per unit radius) at time t. According to the one scale model of the distribution of string loops [25] , the distribution of string loops at times t ≫ t eq (t eq is the time of equal matter and radiation) is given by
for γGµt < R < t eq ,
and by
for t eq < R < t .
Loops with radius R < γGµt decay in less than one Hubble expansion time and can hence be neglected. In the above, γ is a constant which is determined by the strength of gravitational radiation from a string loop. Numerical studies give γ ∼ 10 [26] . The constant α is determined by cosmic string evolution simulations and is expected to be of the order 1. Inserting all of the above formulas, the condition
and is easily satisfied for loops which dominate the string distribution function and which also dominate the burst event rate, for all reasonable values of Gµ.
Having shown that cosmic string cusp annihilations contain a sufficient amount of energy to be seen by radio telescopes, we move on to compute the expected rate of FRBs. This rate R is given by
where the factor 1/R expresses the fact that there is of the order one cusp for loop oscillation time (which is of the order R), and where P (R) gives the probability that the jet from the cusp is beamed in direction of the observer. This integral is dominated by the lower integration limit. Inserting the expressions for d(R) and for the string distribution, and taking P (R) to be a constant P independent of R we get
where (Gµ) 7 is the value of Gµ in units of 10 −7 . The result (18) shows that the predicted detection rate scales as f −3/2 as the detection limit is improved (i.e. f decreases). The rate increases as Gµ decreases since the increase in the number density of loops as R decreases is a more important effect than the decrease in the cusp energy. If we take P = Θ and use (5) for the value of Θ we find a rate of bursts which is sufficiently large to explain the current observations for any value of Gµ below the current bound.
We have now shown that the energy and event rate of cosmic string loop cusp decays is sufficiently large to explain current observations. It remains to be shown that the time scale of the cusp decay event is sufficiently small. The time scale of a cusp event is given by
This can be argued in several ways. For example, we can argue that the intrinsic time scale is enhanced by time dilation since the string cusp is moving at a very high velocity in the observer's frame. Another way to arrive at this time scale is to take the cusp configuration of [21] and to ask for the time interval when the two strands of the string at the cusp have moved apart by a distance more than the string width w (see the Appendix). Using this equation we obtain
for the intrinsic time scale of the burst. The observed time scale of FRBs is of the order 10 −3 s. The burst from a string loop will be spread out over time by effects of propagation through the plasma. It is a consistency check for our proposed explanation of FRBs that the initial time scale is much smaller than the observed time.
III. OPTICAL COUNTERPARTS
Bursts of photons produced by cosmic string cusp annihilations are not expected to be strictly localized to the radio regime. In fact, a prompt emission of radio waves should be accompanied by prompt emission of other frequencies, such as the optical photons. If the photon distribution follows the power law presented in equation (4), the energy per unit area expected in optical frequencies is expected to be
where we perform the definite integral over the optical region, 1.8 × 10 −9 GeV < E ′ < 3.1 × 10 −9 GeV . We note that since S(E, R, d) goes as E 1/2 , the optical frequencies provide an enhanced energy flux over their radio counterpart. Comparing S(E, R, d) for the two regimes allows us to quantify this enhancement. It is
where S Rad (E, R, d) is the radio flux given in equation (7) evaluated at E = 1GHz in natural units. Even though the signal is stronger (with this spectral distribution) in the optical, detection remains elusive for a couple of reasons. First of all, only one such FRB has been localized out of all the detections thus far. This presents the challenge of not necessarily knowing where to look for the optical burst from the majority of FRB signals. Secondly, optical telescopes typically possess large integration timescales, longer than one minute (see e.g. [27] [28] [29] ). Since the burst duration (at least in the radio) is only on a millisecond timescale, optical bursts must be extremely bright to not get washed out over such long integration times.
It is possible to compute the observed magnitude m of an optical burst, as would be seen here on earth, by a specific optical telescope. Such a formula has been derived in [28] 
where S Jy is the peak flux density of the radio burst in units of Janskys, τ ms is the timescale of the burst in milliseconds, and T 60 is the integration time of the telescope in units of 60 seconds. For our model, generic FRB signals should give an optical burst magnitude of m ∼ 15, which should be detectable by the Palomar Transient Factory (PTF) telescope [29] , as well as the LSST telescope in the future [30] . It should be noted that searches have not yet detected an optical counterpart to the localized repeating FRB [31] . A significant optical counterpart is currently a prediction of our model. As has been known for some time [24] , due to the E −3/2 scaling of the number density of photons in the cusp annihilation jet, cusp-induced high energy cosmic ray bursts are expected to be far below the current detection threshold.
IV. CONCLUSIONS AND DISCUSSION
We have studied the emission of photons in the radio wavelength from cosmic string cusp annihilation events. We have shown that the energy flux is sufficiently high at distances comparable to the expected loop separation in order to be able to be seen by current telescopes. We have computed the expected rate of such bursts and shown that it is sufficiently large to explain current observations. We have also computed the cusp decay time scale and found it to be much smaller than the typical duration of an observed FRB (the duration will in fact be dominated by propagation effects). Hence, it appears that the cosmic string loop cusp decay provides a mechanism for explaining the observed FRBs. Our calculation predicts that the detection rate will increase as f −3/2 as the detection limit of the telescopes increase.
One FRB has been observed to be repeating [32] . At the current level of understanding of cosmic string loop dynamics, it is hard to address the question of whether bursts from cosmic string cusp decay could be repeating. We know that there is at least one cusp per loop per oscillation time. However, the oscillation time for the loops which dominate our signal is of the order γGµt 0 and hence of the order of one year if Gµ = 10 −11 (this value is chosen only for illustrative purposes -it lies comfortably below the observational limits on the string tension). There could, however, be many cusps on a particular loop, and this could explain the repeating FRB, but this explanation would also require each cusp to beam in the same general direction. This discussion shows, however, that we expect the properties of the string loop cusp annihilation process regarding repeatability to be non-universal across the string loop population.
Note that the mechanism which we are exploring is operative for all types of cosmic strings. For superconducting strings [33] there is also direct emission of electromagnetic radiation [34] . This radiation is enhanced at string cusps, and this mechanism has been explored as the origin or FRBs in some recent works [35] (see also [? ] ). It has also recently been suggested that superconducting cosmic string loop collisions could lead to hot electromagnetic explosions which could explain FRBs [37] .
The major uncertainty concerning our mechanism is the effect of back-reaction which could prevent the cusp from forming and developing a length comparable to the one given in (3). For interesting analytical work on this issue see [38] , and for field theory simulations of cusps see [39] (see also [40] for a discussion of another code which can be used to study this problem). We are leaving the discussion of back-reaction effects to future work.
The second uncertainty in our analysis is the assumption that the E −3/2 scaling of the number distribution of photons extends down to radio frequencies. The E −3/2 scaling is well established down to the pion mass scale. Below that, we do not have any direct measurements. However, it is well known from quantum field theory that the number density diverges at least as fast as E −1 [41] .
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